Systems composed of many components which interact with each other and lead to unpredictable global behaviour, are considered as complex systems. In a biological context, complex systems represent living systems composed of a large number of interacting elements. In order to study these systems, a precise mathematical modelling was typically used in this context. However, this modelling has limitations in the structural understanding and the behavioural study. In this sense, formal computational modelling is an approach that allows to model and to simulate dynamical properties of these particular systems. In this paper, we use Hybrid Functional Petri Net (HFPN), a Petri net extension dedicated to study and verify biopathways, to model and study the Methionine metabolic pathway. Methionine and its derivatives play significant roles in human bodies. We propose a set of simulations for the purpose of studying and analysing the Methionine pathway's behaviour. Our simulation results have shown that several important abnormalities in this pathway are related to sever diseases such as Alzheimer's disease, cardiovascular disease, cancers and others. Abstract: Systems composed of many components which interact with each other and lead to unpredictable global behaviour, are considered as complex systems. In a biological context, complex systems represent living systems composed of a large number of interacting elements. In order to study these systems, a precise mathematical modelling was typically used in this context. However, this modelling has limitations in the structural understanding and the behavioural study. In this sense, formal computational modelling is an approach that allows to model and to simulate dynamical properties of these particular systems. In this paper, we use Hybrid Functional Petri Net (HFPN), a Petri net extension dedicated to study and verify biopathways, to model and study the Methionine metabolic pathway. Methionine and its derivatives play significant roles in human bodies. We propose a set of simulations for the purpose of studying and analysing the Methionine pathway's behaviour.
Introduction

Context
Living organisms have complex structures and are composed of several interconnected components interacting with each other. Among them, biochemical networks represent a large complex connectivity between reactions occurring in living cells. They are formed by several complex metabolic pathways. Dynamic properties of these pathways determine not only the physiology of cells but also the development and behaviour of the organism. Being dynamic and complex, their behaviour may be hard to analyse and to predict. Biologists and biochemists are constantly in search for methods and strategies that can help them in the understanding of life complexity.
Problems & Issues
Dynamics of biochemical networks including metabolic pathways have often been described by mathematical equations. A representative review of these formalisms such as Boolean networks, differential equations and stochastic equations, is proposed in [1] .
Mathematical modelling has the advantage to perform in silico studies over several execution scenarios. However, it has the difficulty of identifying and representing biological systems at a detailed level and has the difficulty of managing the complexity of such systems.
To address mathematical modelling limitations, several computational models, simulations and tools are proposed in [2] . Among them, a multi agent system platform has been proposed in [3] to simulate biological networks. Process Algebra is also used in the context of modelling and analysing biological systems and biochemical processes [4] .
However, Petri nets remain the formal specification the most popular and widely used in systems biology [5] . In the context of modelling biological systems, Petri nets were used for the first time as a modelling formalism for metabolic pathways in systems biology in [6] . They are well suited for modelling such systems since they provide an intuitive graphical representation of biochemical systems which facilitates the understanding of the modelled systems. They help revealing the logic behind these complex systems, offer specific analysis, namely, static, qualitative and quantitative behavioural analysis. Furthermore, they are supported by a wide range of simulation and analysis tools and offer several extensions. In order to model biochemical networks, different extensions of Petri nets are proposed in [7] [8] [9] [10] [11] [12] [13] [14] . Some application examples of studying and analysing such systems are also given in [7, 8, [15] [16] [17] .
Contribution & Contents
In this paper, we present a complex biological system associated to metabolic causes of several disorders which is the Methionine metabolic pathway. We start first by giving a presentation of the studied metabolic pathway from a biological point of view, and we describe likewise its behaviour in normal case and the resulting consequences of deregulations in its functioning.
In regards to the modelling of Methionine cycle, a first mathematical representation was proposed in Martinov et al. (2000) [18] . Other mathematical models are proposed in [19] [20] [21] [22] [23] [24] .
A computational modelling approach is proposed in [25] . This approach consists of using hybrid functional Petri net (HFPN) to model chemical reactions constituting the metabolic pathway. We have based our proposition on using the same formalism, HFPN [26] which is the most suitable extension designed to model biological systems.
This work proposition aims to identify and study the system's behaviour relatively to its normal and abnormal functioning. Therefore, we present a simulation of the established HFPN model in normal case (i.e., normal functioning of the metabolic pathway). We also propose several execution scenarios allowing to have a general idea about the system's behaviour through its representative HFPN model. This paper focuses on proposing a computational modelling of biochemical networks in order to combine the effectiveness of formal specification aspects with the simplicity of the intuitive graphical aspect offered by HFPN, the dedicated Petri net extension for biological systems.
The success of the proposed approach depends on the success of each phase, starting from selection of the appropriate modelling tools, going through the model construction including its adjustment, arriving to the proposed model validation and prediction of its dynamic behaviour through simulation and finally analysing the simulation results.
Actually, researchers have an agreement that a quantitative description of dynamic behaviour of biological systems with complex interacting components, is unavoidable in order to entirely understand them. This paper is structured as follows: Section 2 introduces the studied metabolic pathway and its mechanism, and Section 3 introduces the Petri net and HFPN extension. Section 4 presents the HFPN model representing the studied metabolic pathway construction. In Section 5, the simulation results of the proposed model are shown and discussed. Finally, Section 6 concludes the paper and gives some directions for future works.
Methionine Metabolic Pathway: The Studied Biochemical System
Methionine is a sulfur amino acid that is essential for the growth and equilibrium of the organism. It is provided by diet since it can not be produced by the body [27] . Methionine pathway has the essential role to regulate the Methionine concentration in order to maintain the equilibrium of the organism. This amino acid with its derivatives construct a cyclic metabolic pathway playing significant roles in human bodies. Figure 1 shows a schematic illustration of the Methionine and its derivatives in cyclic form. The cycle is consisting of Methionine, S-Adenosyl-Methionine (SAM), S-Adenosyl-Homocysteine (SAH), Homocysteine, Cystathionine, 5-Methyl Tetrahydrofolate (5MethylTHF), and Tetrahydrofolate (THF).
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Consequently, a dysfunction in this cycle, may lead to a deregulation in the whole system, by producing high levels of some metabolites, such as homocysteine [28] . Such deregulations are related to several disorders [29, 30] such as Alzheimer's Disease [31] [32] [33] [34] , Parkinson [35] , cardiovascular disease [36] , cancers [37] , Schizophrenia, neural tube defects, bipolar disorder, mental retardation and others [38] [39] [40] .
These correlations make interesting to study this metabolic pathway and its behaviour in order to avoid causes of such disorders, which represents our fundamental motivation for choosing this system to model and analyse.
Based on the schematic illustration of the studied system shown in Figure 1 , the mechanism of the Methionine metabolic pathway starts then from the Methionine provided by the diet. Methionine is transformed to SAM through a reaction catalysed by MATII. The methyl group is transferred by METH producing SAH. This last is converted to Homocysteine through a reaction catalysed by SAHH.
Homocysteine can be remethylated and transformed back to Methionine through a reaction catalysed by MS producing also THF and/or through a reaction catalysed by BHSM or be transformed to Cystathionine through a reaction catalysed by CBS. In order to maintain the system's equilibrium Methionine cycle is complex and critical since it is responsible of providing the sulfur and other elements to the body. Indeed, the growth and development of the body is directly related to a normal functioning of this metabolic pathway.
Homocysteine can be remethylated and transformed back to Methionine through a reaction catalysed by MS producing also THF and/or through a reaction catalysed by BHSM or be transformed to Cystathionine through a reaction catalysed by CBS. In order to maintain the system's equilibrium imposed by the organism, some activation and inhibition of processes through metabolites are manifested in the system. SAM and SAH play the role of activators acting on CBS, the enzyme catalysing the reaction transforming Homocysteine to Cysthationine. They also play the role of inhibitors repressing the remethylation (i.e., transformation of Homocysteine to Methionine) through the reaction catalysed by BHSM. SAM plays the role of inhibitor repressing its own production from Methionine, and SAH plays the role of inhibitor repressing its own production from SAM.
Petri Nets
Petri net, a place/transition concept introduced by Dr. Carl Adam Petri in 1962, is one of the most popular modelling languages suitable for modelling discrete dynamic systems.
A Petri net is a directed bipartite graph, in which the nodes represent transitions and places. Directed arcs describe which places are related to which transitions and inversely.
Petri net is expanded with stochasticity, time, hierarchy, colour, fuzzibility and other extensions in order to correspond to a wide variety of systems. Therefore, many Petri net extensions have been proposed, we cite among others, continuous Petri net which is introduced to model dynamic systems with continuously changing state parameters and hybrid Petri net which is developed especially to consider different data types by means of continuous and discrete values [41] .
In the context of biology, modelling biological systems is modelling of interactions between different structured processes. The reaction rate of a biological process is expressed usually using real numbers. The presence and/or absence of biological phenomenon is expressed by a Boolean process. Other mechanisms such as counter-like mechanism is expressed by a discrete process.
Concentrations of products depend on concentrations of substrates and rates of reactions. Reaction rates are determined in harmony with functions assigned to biological processes.
Hybrid functional Petri net [26] is a Petri net extension which includes in one formalism, HPN (Hybrid Petri Nets) [41] , HDN (Hybrid Dynamic Nets) [42] , and FPN (Functional Petri Nets) [43] .
HPN is a Petri net extension allowing the representation of continuous and discrete aspects of places and transitions. In HDN, the rate of continuous transition can be given as a function of values in the places. In addition to HDN and HPN, HFPN has a third feature for arcs introduced in FPN. This feature is a function of values of the places which can be assigned to any arc.
A formal definition of HFPN is given in [26] . HFPN contains different components namely, entity, process, connector and quantity. Entity, referring to place, represents many biological elements such as protein, gene and metabolite. Process, referring to transition, represents reaction, translation, transcription and other biological processes. Entities and Processes are either continuous or discrete. Connector, referring to arc, connects components between each other. Connector' types are namely, normal connector, test connector, or inhibitory connector. Quantity, referring to tokens, represents entity's value. In brief, HFPN allows to represent biological characteristics namely by means of discrete & continuous values in the same model. They permit to take into consideration mathematical parts like Michaelis-Menten equations (see Section 4). Furthermore, HFPN terminology is close to the biological vocabulary. HFPN has been successfully used for modelling and simulation of many biological processes [15, 26, [44] [45] [46] [47] [48] . Consequently, HFPN extension is considered as an appropriate extension for modelling & studying biological systems [46] .
Model Construction
In the context of studying and analysing the studied biological system, we use HFPN (Hybrid Functional Petri Nets), the Petri net extension previously presented. Table 1 shows the mapping from the studied biological system elements to HFPN elements. Note that the names of the entities and processes shown in the table, namely m1, m2, m3, m4, m5, m6, p1, p2, are randomly chosen in order to clarify the mapping between the metabolic pathway (cf. Figure 1 ) and the HFPN model (cf. Figure 7) . Using the HFPN terminology, we replace terms usually used for most of Petri net extensions elements, namely, place, transition, arc and token by entity, process, connector and quantity.
In this respect, we build an HFPN model (cf. Figure 7) , based on the mapping shown in Table 1 , using the Cell Illustrator tool. Cell Illustrator (www.cellillustrator.com) [49] is a software tool that allows biologists to model and simulate complex biological processes and systems including metabolic pathways.
The tool is compared with other tools such as Copasi, virtual Cell, E-cell and others, however it remains the suited one to model and simulate this kind of models [26] . It has an editor and simulator of HFPN with a graphical user interface and was developed by employing the architecture of HFPN. Its user-interface allows users to directly change parameters of the modelled systems.
Besides, Cell Illustrator operates under operating systems that can run Java programs, consequently, it can operate under Windows, Mac, and Linux.
Our model shown in Figure 7 , represents the biological system shown in Figure 1 and includes all the components listed in Section 2 such that:
• Enzymes and metabolites are represented by entities. These entities are continuous since they contain quantities representing concentrations.
• Processes represent all reactions taking place in these pathway. These processes are continuous since they are supposed to assure the execution permanency. One process is discrete, namely (p 1 ), in order to control Methionine input quantities since it is provided by diet intake.
• Metabolites and processes are linked via normal connectors which allow the representation of degradation or production of metabolites.
• Enzymes and processes are linked via test connectors which represent the catalysis of reactions while maintaining the quantity of the source entity.
• Test connectors are used also to play the role of reactions activation, in some cases, in the purpose of maintaining "the system equilibrium". In this case they are in blue (see the blue arcs from m2 to p 5 and from m3 to p 5 in Figure 7 ).
• Red arcs linking some metabolites and some enzymes, are inhibitory connectors. They allow to stop and inhibit some reactions when the contents of the source place is more than its weight.
We note that in order to explain exhaustively the HFPN model shown in Figure 7 , we give the correspondence between model processes namely p1, p2 ..., p25 and their types in Table 2 . Also the correspondence between entities (m1, m2, ...., m13), their types, and their names is specified in Table 3 . Finally, the correspondence between connectors (c1, c2, ...., c44), their types and their thresholds is given in Table 4 .
Metabolic pathways have not each a close and independent structure. They are related through common amino acids and intermediates interacting with each others. Indeed, living organisms are composed of several interconnected components and have complex structures. Their behaviour depends not only on the way how they are built, but also on the complex interactions between their components. Therefore, two identical experiments lead rarely to identical observations, even more, the results may sometimes be contradictory.
In order to simplify the study of the Methionine metabolic pathway, in this paper, we consider it as isolated and ignore the other related elements.
For the purpose to study the Methionine metabolic pathway through its representative HFPN model, we need some parameters and metrics. Several metrics have been defined in entities and processes in biochemistry [18] [19] [20] 50] . These metrics are used to measure the velocity of enzymatic reactions, therefore to identify and describe the mechanisms of biochemical reactions.
In order to represent reaction velocity in the main pathway, we adopt one of the most known and used metrics which is the Michaelis-Menten kinetics.
It is expressed by an equation describing the rate of enzymatic reactions, by relating reaction velocity V to [S] , the concentration of a substrate S. Its formula introduced first in [51] , is given in [52] by:
where:
• V is the velocity at any time (µM/h);
• V max is the maximum rate achieved by the system at maximum substrate concentration (µM/h);
K m is the Michaelis constant = Substrate concentration at which the reaction rate is half of V max (µM).
Values of V max and K m corresponding to different processes are represented in our model, by variables named relatively to the enzymes catalysing those reactions. Therefore, they can be manipulated in an easy and clear way.
We can therefore calculate reaction velocities corresponding to processes of the studied system as shown in Table 2 . Tables 3-5 represent respectively the initial values of all the HFPN model elements. The connectors types and their thresholds, and the metabolites and enzymes degradation rates.
Note that all these elements represent the quantitative aspect of the HFPN model which will be simulated in the next section. Table 5 . Natural degradation in the HFPN model.
Biological Phenomenon Process Process Type Process Rate
Metabolites' Degradation P14-P19 Continuous mi × 0.0001 Proteins' Degradation P20-P25 Continuous mi × 0.1
Simulation and Validation
In order to study and analyse the studied system's behaviour, we propose five scenarios to be executed by simulation. We use the same tool i.e., Cell Illustrator to simulate the established HFPN model (cf. Figure 7) , including the parameters and kinetics previously presented and explained in the previous section.
In the HFPN theory, time is measured in virtual time units called Petri time (pt).
[pt] is functionally equivalent to a unit of time such as the second [49] . We achieved simulations at the same Petri time (3600 pt) sampling interval for the purpose to make simulation results comparable for all components and for each execution scenario. Note that the initial values of the HFPN model enzymes were adapted to each scenario among the following scenarios. Each deficiency among the deficiencies of the mentioned enzymes is equivalent to considering the value "zero" as initial value of this enzyme.
We present below the simulations conducted in accordance with the corresponding following scenarios: -Scenario 1: Normal Case Figure 8 shows the substrates concentration evolution in a normal case, which means normal functioning of the Methionine cycle. We can note that metabolites rates are interdependent since in cyclic metabolic pathways, each reaction product is a substrate for the next reaction. It can be observed that metabolite concentrations vary over time, i.e., increase and decrease, this variation is due to the equilibrium imposed by the organism and manifested in the activation and inhibition of enzymes through metabolites. This normal case will play a role of reference on which the following scenarios' discussions will be based. It can be observed (cf. Figure 9) that the Homocysteine concentration level increased by against THF concentration level decreased, due to the deactivation of remethylation reactions. The Methionine concentration level increased discreetly since it is always provided by diet intake. Cystathionine concentration level remained in the same level corresponding to its initial value.
The elevation of Homocysteine level is very remarkable by comparing it with the level in the normal case. This abnormality can be related to sever disorders. It can be observed that the Homocysteine concentration level increased due to the deactivation of enzymes responsible of remethylation reactions catalysis and decreased slightly thanks to CBS activity. Cystathionine concentration level have also increased due to the CBS activity. The Methionine concentration level increased discreetly since it is always provided by diet intake and decreased due to the deactivation of both of remethylation reactions. THF concentration level remained in the same level corresponding to its initial value (cf. Figure 10 ). It can be observed that the Homocysteine concentration level increased and decreased since it is partially converted to other metabolites (i.e., Methionine, THF). Cystathionine concentration level remained in the same level corresponding to its initial value due to the deactivation of reaction catalysed by CBS. The Methionine concentration level increased discreetly since it is always provided by diet intake, also produced from Homocysteine through the reaction catalysed by MS and decreased due to the deactivation of the remethylation reaction catalysed by BHSM. THF concentration level increased and decreased since it is produced through remethylation reaction catalysed by MS and is also converted to its derivatives in folate cycle (cf. Figure 11 ). It can be observed that the Homocysteine concentration level increased since it is not converted to other metabolites (i.e., Methionine, THF and Cystathionine). Cystathionine concentration level remained in the same level corresponding to its initial value due to the deactivation of reaction catalysed by CBS. The Methionine concentration level increased discreetly since it is always provided by diet intake, also produced from Homocysteine through the reaction catalysed by BHSM. THF concentration level remained in the same level corresponding to its initial value (cf. Figure 12) .
In the Methionine metabolic pathway (Figure 1 ), metabolites and enzymes interdependencies can affect its behaviour. Enzymes being proteins, in addition to provide biochemical reactions with a feasible reaction path, they also accelerate the rate of chemical reactions in the organism, therefore, they play a vital role in the body. Consequently, mutations in these enzymes can cause deregulation of the system.
In this sense, mutations in the system enzymes and/or metabolites, such as CBS, MS and/or BHSM (see Figures 8-12) , can cause hyperhomocysteinemia which occurs when homocysteine level exceeds 15 µmol/L [53] . Hyperhomocysteinemia is related to several mental disorders [29, 30] such as Alzheimer [31, 33] , Parkinson [35] , Schizophrenia, bipolar disorder, mental retardation and others [38] . These correlations make interesting to study this system and its behaviour in order to avoid causes of such disorders, which represents our fundamental motivation for choosing this system.
Conclusions & Future Works
Conclusions
In this paper, we have proposed a modelling approach and a simulation of a biological system. We have first described the studied metabolic pathway and its components, namely, the Methionine metabolic pathway. We have given a brief overview of its biological behaviour in normal and abnormal cases.
The goal is to facilitate the behavioural studies of biological complex systems through simulations and formal verification. We have proposed to use a computational modelling of our studied biological system, chosen based on its important role in human bodies, using a formal specification language.
We have used Hybrid Functional Petri net (HFPN) since it is considered as the appropriate Petri net extension for modelling and studying biological systems.
A simulation of the modelled HFPN model in normal case and a set of execution scenarios results in abnormal situations, are presented, studied and discussed using Cell Illustrator. These simulations have shown the dependencies between several metabolites and enzymes of the modelled system. They allowed to have a general idea of the behaviour of the system, highlighting the irregularity resulting in the end of each execution scenario.
They also confirmed the fact that mutations in the system enzymes and/or metabolites, can be related to several mental disorders such as Alzheimer, Parkinson, Schizophrenia, and others which makes interesting to study this system and its behaviour in order to avoid causes of such disorders.
Future Works
We are currently studying all behaviour dependencies between the biological system components. We are establishing sets of execution scenarios in order to gather a majority of possible behavioural situations.
The goal is to have an almost complete idea about the modelled system behaviour. Based on the simulation results, we aim eventually to verify the established model in a formal way allowing to study all possible execution scenarios in the future.
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